A careful study of thermodynamic and transport properties of a high-quality single crystal of MnSi at ambient pressure suggests that its transition to a helical magnetic state near 29 K is weakly first order. The heat capacity, temperature derivative of resistivity, thermal expansion, and magnetic susceptibility exhibit a specific structure around the phase transition point, interpreted as a combination of first-and second-order features. Striking mirror symmetry between the temperature derivative of resistivity and the thermal expansion coefficient is observed. Conclusions drawn from these experiments question prevailing views on the phase diagram of MnSi.
A careful study of thermodynamic and transport properties of a high-quality single crystal of MnSi at ambient pressure suggests that its transition to a helical magnetic state near 29 K is weakly first order. The heat capacity, temperature derivative of resistivity, thermal expansion, and magnetic susceptibility exhibit a specific structure around the phase transition point, interpreted as a combination of first-and second-order features. Striking mirror symmetry between the temperature derivative of resistivity and the thermal expansion coefficient is observed. Conclusions drawn from these experiments question prevailing views on the phase diagram of MnSi. Physical properties of the cubic intermetallic compound MnSi, a weak itinerant helimagnet with Dzyaloshinski-Moria interaction, 1,2 have been studied extensively more than 40 years, since discovery of its spin-ordered phase at a temperature slightly below 30 K. 3 Neutron-diffraction measurements showed that MnSi had a helical spin structure with a propagation vector in the ͓111͔ direction. 4 Interest in studying MnSi was greatly enhanced by the finding that the temperature of the magnetic phase transition decreased with increasing pressure and tended to zero at about 1.4 GPa, with expectations of quantum critical behavior. 5 Despite theoretical conclusions that the phase transition in MnSi can be fluctuation-induced first order, 6-8 all the physical properties of MnSi studied up to now seem to be continuous across the phase transition line at ambient pressure. Consequently, when a significant change in the temperature dependence of ac susceptibility at the phase transition under high pressure was observed 9,10 ͑see also Refs. 11 and 12͒, it was accepted as a manifestation of the existence of a tricritical point and first-order nature of the phase transition in MnSi at low temperatures and high pressures. Nevertheless, some remarkable properties of the phase transition in MnSi are not understood. In particular, some quantities, like the thermal expansion coefficient, 13 heat capacity, 14 and temperature coefficient of resistivity 12 display well-defined shoulders on the high-temperature side of their corresponding peaks at the phase transition, and the nature of these shoulders remains a puzzle. 15 With these unresolved issues, it is appropriate to carry out a systematic investigation of the physical properties of MnSi with the same well-characterized sample.
To this end, heat capacity, electrical resistivity, thermal expansion in magnetic fields, and dc and ac magnetic susceptibility were measured at ambient pressure on a highquality MnSi single crystal. As will be discussed, the heat capacity, temperature derivative of resistivity, thermal expansion, and magnetic susceptibility behave as if they diverge at the Curie point. Some of these quantities ͑heat capacity, ther-mal expansion coefficient, and temperature coefficient of re-sistivity͒ display a doublet structure, with sharp and broad components at the phase transition point. We argue that the sharp component is a slightly broadened ␦ function, corresponding to a first-order phase transition. These results suggest that the magnetic phase transition in MnSi is weakly first order at ambient and low pressure, with a small volume change ⌬V / V of order 10 −6 , an interpretation that may reverse the prevailing view about the nature of the phase transition in MnSi and that offers a different look at the physics of MnSi at temperatures close to zero and high pressure. Specifically, these conclusions propose that the asymptotic crossing point of the phase transition line and the pressure axis at T = 0 in MnSi may be a real, continuous quantum critical point.
For these studies, a large single crystal of MnSi was grown by the Bridgman technique from a stoichiometric melt of appropriate quantities of distilled manganese 17 and silicon with purities of 99.99% and 99.999%, respectively. Samples of necessary size and orientation for various experiments were cut by low-power spark erosion. X-ray studies give a lattice parameter a = 4.5598͑2͒ Å at 298 K ͓compare with 4.5603͑2͒ Å ͑Ref. 18͒ and 4.559͑1͒ Å ͑Ref. 19͔͒ and overall mosaicity less than 0.1 ‫ؠ‬ . A further indication of crystal quality is reflected in a resistivity ratio R 300 / R T→0 equal to 230. From the saturated magnetization at high field at T = 5 K, the magnetic moment per atom Mn is 0.4 B , whereas fitting low-field ͑10 mT͒ inverse susceptibility data in the range 120-300 K to a Curie-Weiss form gives an effective moment of 2.27 B per Mn in the paramagnetic phase. These values agree well with previous reports ͑see, for instance, Refs. 3 and 20͒. According to results from the current experiments, the temperature of the phase transition in our sample of MnSi is confined to the limits 28.8-29 K.
Resistivity measurements were carried out by a standard four-probe technique. Heat capacity was measured by an adiabatic calorimeter with an accuracy about of 1% in the temperature interval 4 -40 K. dc magnetic susceptibility measurements were made in a Quantum Design magnetic properties measurement system; whereas ac susceptibility was measured with a two-coil setup ͑drive and pickup coils͒ by a standard modulation technique at a modulation frequency 19 Hz. Linear thermal expansion measurements were performed in a capacitance dilatometer with resolution about 0.05 Å. 21 In all these experiments, temperature was measured by calibrated Cernox thermometers with potential overall resolution and accuracy not worse than 0.05 K.
As seen in Fig. 1 , the heat capacity of this crystal of MnSi shows a distinct shoulder on the high-temperature side of the peak that defines the phase transition. This is similar to previous reports. 14 An additional and quite significant feature observed in the current heat capacity data, even given the accuracy and temperature resolution ͑ϳ0.1 K͒ of the experiments, is the sharp form of the prominent peak. dc and ac magnetic susceptibility data are plotted in Fig. 2 . The unusual shape of ͑T͒ in the vicinity of the phase transition is seen in the inset. This form can be considered as the result of a sudden jumplike increase in the magnetic susceptibility at the transition point. Without this jump, the magnetic susceptibility curve would look like one typical of an antiferromagnetic phase transition.
These nontrivial features of the phase transition in MnSi are reinforced by the high-resolution resistivity and thermal expansion data ͑Figs. 3 and 4͒. At first glance, the overall dependence of resistivity of our sample of MnSi does not differ from the numerous previous results; however, a small quasidiscontinuity can be clearly seen at ϳ28.9 K. The corresponding temperature derivatives of resistivity d / dT can be interpreted as a slightly broadened ␦ function developing within the continuous anomaly. The same conclusion is valid for the heat capacity and the thermal expansion coefficient ␣ = ͑1/L 0 ͒dL / dT of MnSi. Surprisingly the last one looks like a mirror image of d / dT ͑Fig. 4͒. That obviously indicates spin fluctuations as a dominant factor defining the thermodynamic and transport properties of MnSi the vicinity of the phase transition. So all the mentioned features in the behavior of heat capacity, magnetic susceptibility resistivity, and thermal expansion clearly hint at the first-order nature of the phase transition in MnSi at ambient pressure. Integration of the curve ␣͑T͒ ͓Fig. 3͑b͔͒ permits one to estimate the relative volume change at the first-order phase transition in MnSi as ϳ3 ϫ 10 −6 . Using the Clausius-Clapeyron equation and taking the slope of the transition line from Ref. 11, we get for the corresponding entropy change 5 ϫ 10 −4 R ͑R is the gas constant͒. 22 This value agrees with the direct estimate from the entropy variation through the phase transition, calculated by integration of the heat capacity. Now we turn to Fig. 5 , which illustrates the influence of magnetic field on the thermal expansion coefficient of MnSi. In the case of helical spin ordering, the magnetic field is not directly coupled with the order parameter, and hence no significant effect of magnetic field on the phase transition is expected until the field-induced ferromagnetic state appears at about 0.35 T. 24 But, as seen in Fig. 5 , moderate magnetic fields, though they do not change the nature of the phase transition, strongly influence thermal expansion of the paramagnetic phase. At the same time, thermal expansion of the helical phase does not experience even slight change at least up to 0.4 T. That means significant stiffness of the helical spin structure or, in other words, lack of extensive paramagnetic fluctuations in MnSi even at the transition point. This situation most probably signifies a finite value of the order parameter at the phase transition point, therefore indicating a first-order phase transition. Then the fast degradation of the phase transition features between 0.4 and 0.5 T clearly designates formation of the ferromagnetic spin structure.
So the all experimental data obtained lead to the conclusion that the doublet structure of the peaks of the heat capacity, temperature coefficient of resistivity, and thermal expansion coefficient, the jump in the magnetic susceptibility, and specifics of the magnetovolume effects at the Curie point in MnSi apparently result from the combination of secondorder and first-order features. This would identify the phase transition as weakly first order, likely induced by fluctuations. [6] [7] [8] 25 Taking into account the data of Ref. 12 , where disappearance of the doublet structure in d / dT at pressure was observed at pressures above 0.35 GPa, one may conclude that at higher pressures the transition becomes second order and continues this way down to zero temperature. 27 Consequently, the indicated pressure 0.35 GPa should correspond to the location of a tricritical point. An alternative scenario, which could be discussed in principle, includes the interplay of weak and strong firstorder transitions, 28 but it is unclear whether this would generate some sort of pseudotricritical point.
